Abstract Rapid sensation of mechanical stimuli is often mediated by mechanosensitve ion channels. Their opening results from conformational changes induced by mechanical forces. It leads to membrane permeation of selected ions and thereby to electrical signaling. Newly identified mechanosensitive ion channels are emerging at an astonishing rate, including some that are traditionally assigned for completely different functions. In this review, we first provide a brief overview of ion channels that are known to play a role in mechanosensation. Next, we focus on three representative ones, including the transient receptor potential channel V4 (TRPV4), Kv1.1 voltage-gated potassium (Kv) channel, and Piezo channels. Their structures, biophysical properties, expression and targeting patterns, and physiological functions are highlighted. The potential role of their mechanosensation in related diseases is further discussed. In sum, mechanosensation appears to be achieved in a variety of ways by different proteins and plays a fundamental role in the function of various organs under normal and abnormal conditions.
Introduction
Sensing external mechanical forces such as gravity, touch, and sound wave is fundamentally important for our daily lives. Touch and hearing together with sight, taste and smell are the traditionally recognized five senses in humans. In fact, organisms from single-cellular bacteria to multicellular plants and animals are able to sense and respond to not only external mechanical forces, but internal mechanical forces (such as osmotic pressure and membrane deformation). Mechanical forces have broad effects on cell proliferation, migration and adhesion, morphogenesis, gene expression, fluid homeostasis and vesicular transport (see [1, 2] for reviews). They are vital for proper growth, development and health of various organisms. Specialized cells that are sensitive to mechanical forces in animals have been recognized and studied for a long time, from bristle receptors in flies and touch receptors in worms, to cochlear hair cells and skin mechanoreceptors in vertebrates. These cells are capable of converting the internal and/or external mechanical stimuli to electrical signals. However, due to the low abundance of these cells and seemingly lack of general implications for their transduction mechanisms, the progress of determining molecular mechanisms underlying mechanotransduction was slow. Recently, rapid progress was made in studying both invertebrates and vertebrates by identifying the molecular machinery responsible for mechanosensation and mechanotransduction, the mechanosensitive ion channels (see [3] [4] [5] [6] for reviews).
Whereas sight, smell and much of taste are initiated by ligands binding to G-protein-coupled receptors (GPCRs), which activate biochemical signaling cascades, mechanical sensations of touch and hearing are primarily initiated by mechanosensitive ion channels. These channels are the primary transducers that convert mechanical force into an electrical or chemical signal in touch, hearing, and other mechanical senses. In recent several years, a substantial amount of studies across different disciplines, using molecular, biochemistry, genetic, electrophysiology and other state-of-the-art techniques, have examined the structure and function of various mechanosensitive ion channels expressed in different cells in sensing various mechanical stimuli. These channels are surprisingly broadly expressed and can respond to different stimuli such as: touch including gentle touch, texture, light brush of the skin, stretch, vibration, and pressure including noxious pressure (see [7, 8] for reviews).
It has been recognized for many years that various mechanical stimuli can induce ionic currents crossing the plasma membrane in different cells. Mechanically activated currents were detected from cochlear hair cell, dorsal root ganglion (DRG) neurons, vascular smooth muscle cells, kidney primary epithelia and mammalian cell lines [9] [10] [11] [12] [13] . Many mechanically activated currents are non-selective cationic currents with Na + , K + and Ca 2+ permeability [14, 15] . These currents are conducted through different ion channels in the cell membrane, converting mechanical stimuli to electrical signals to enable cells to control their own metabolism and to communicate with the surrounding environment. Since many ion channels are implicated in mechanosensation, an important question is often raised. Are they directly or indirectly involved in mechanosensation and mechanotransduction? Overlapping criteria from different aspects are proposed by different investigators. The criteria for stretch-activated ion channels are more mechanistic, including direct activation by stretch/pressure, rapid channel kinetics, dependence of current kinetics on pressure amplitude, and association of gating with conformational changes (see [16, 17] for reviews). Its expression pattern and loss of function phenotype are also important concerns for the physiological significance of a channel being involved in mechanotransduction (see [18] for review). So far, only small number of channels has been shown to fulfill all this criteria, which partially results from unavailable experimental results. For instance, although being accepted as important channels sensing mechanical forces, Piezo proteins do not fulfill all the criteria for a stretch-activated ion channel due to the lack of understanding of the association of its gating with conformation changes. In the present review, we focus on mechanosensitive ion channels expressed in eukaryotic cells, which include all the channels with reasonable in vivo and in vitro evidence for a role in mechanosensation (Table 1) . We anticipate that this list will continue to grow when more experimental results become available. The most extensively studied mechanosensitive ion channels are the bacterial Msc channels [19] , but these channels have no homologues in animals and are not discussed here. As illustrated in the table, unrelated ion channels can be used for sensing different mechanical stimuli, which can occur not only in distant organisms, but also in distinct locations of the same organism.
Compared to extensive structure-function analysis of these mechanosensitive ion channels, their physiological and pathological functions remain poorly understood. In particular, some ion channels listed in Table 1 were traditionally associated with completely different functions. Furthermore, almost all these channels can be regulated by many other factors besides mechanical forces. The exact role of mechanosensation and mechanotransduction under physiological and especially pathological conditions often remains unclear. In this review, we focus on the physiological functions and related diseases in humans of three different candidates of mechanosensitive ion channels, TRPV4, Kv1.1, and Piezo.
TRPV4 Channel in Mechanosensation and Diseases
The transient receptor potential was first described in fruit fly Drosophila in 1969 and the channel was cloned in 1989 [20, 21] . Since then, many TRP channels have been cloned from both invertebrates and vertebrates using genetic screening and they have been extensively characterized. The TRP channel family is normally divided into seven subfamilies (TRPC, TRPV, TRPM, TRPN, TRPA, TRPP and TRPML) (see [22, 23] for reviews). The yeast TRP-like gene (TRPY) identified by the Saimi group in 2001 is considered as the eighth subfamily [24] . TRP channels can be activated by light, sound, chemicals, temperature, osmolarity, touch, heat (>27-34°C), the phorbol ester derivative 4α-phorbol-12,13-didecanoate (4α-PDD), or lipids downstream of arachidonic acid metabolism [25] . It was postulated that activation by mechanical stimuli may be a common feature to nearly every TRP [94] subfamily (see [17, 26] for review). Since TRPV4 is one of the most studied TRP channels and TRPV4 mutations lead to a variety of phenotypic disorders, we focus on TRPV4 in this review. TRPV4 is also known as vanilloid receptor related osmotically activated channel (VR-OAC), OTRPC4, TRP12, or VRL-2 [27] . It is a nonselective cation channel, first described as an osmosensor detecting hypotonic stimuli, and shares about 40 % amino acid identity with TRPV1. Each subunit has six transmembrane (TM) segments with a pore forming loop between the fifth and sixth TM segments. Both N and C termini are located in the cytoplasmic side, similar to Kv channels. In addition, the amino terminus of TRPV4 channel contains six ankyrin-repeat domains (Fig. 1a) . Four TRPV4 subunits form a homotetramer in the endoplasmic reticulum (ER), and subsequently the TRPV4 homotetramer is trafficked to the cell membrane [28, 29] .
TRPV4 channel is activated not only by 4α-PDD, but by hypotonic stress, one type of mechanical stimuli (Fig. 1b,c) .
One study shows that cell swelling caused by hypotonicity activates phospholipase A 2 (PLA 2 ), thereby triggering Cytochrome P450-dependent downstream reactions, which underlies the mechanism of activation of TRPV4 by hypotonicity [30] . Another study shows the activation of TRPV4 by extracellular hypotonic stress requires its interaction with the water channel aquaporin 5 (see [22, 31] for review). It remains unclear whether activation of the TRPV4 channel, a polymodally activated TRPV channel, by shear stress and fluid flow shares the same molecular mechanism. This is because a TRPV4 mutant (Y555A) with a point mutation in its third TM domain is not activated by heat or 4α-PDD but by cell swelling or arachidonic acid [32] . The channel opening of TRPV4 to hypotonic stress but not isotonic stasis or hypertonic stress occurs within a few seconds to 2 min. Its biophysical properties are characterized with outward rectification, a reversal potential close to 0 mV [33, 34] (Fig. 1b,c) .
The trafficking and function of TRPV4 are regulated by various binding partners. For instance, TRPV4 binds to protein kinase C and casein kinase substrate in neurons protein 3 (PACSIN3) via its N-terminal proline-rich domain. PACSIN3 is a protein involved in synaptic vesicular membrane trafficking and endocytosis, and it binds to TRPV4 via its C-terminal Src homology 3 domain. The binding not only increases the TRPV4 expression level in the plasma membrane but also inhibits its basal activity in a stimulus-specific manner [35, 36] . The interaction between microtubule-associated protein 7 (MAP7) and TRPV4 via the TRPV4 C terminus enhances its cell surface expression level and increases TRPV4 current density in CHO cells [37] . In addition, inositol triphosphate (IP3) directly interacts with the C-terminal domain of TRPV4 channels in ciliated epithelia. The function of this interaction is to sensitize TRPV4 channels to mechanical and osmotic stimuli [38, 39] . Moreover, the physical interaction between TRPV4 and α2 integrin and Src tyrosine kinase was implicated in mechanical hyperalgesia [40] . These direct and/or indirect interactions between TRPV4 and its associating proteins suggest that TRPV4 location and function are fine tuned by its binding proteins under physiological and pathological conditions. TRPV4 channels are highly expressed in DRG neurons ( Fig. 1d) , kidney, lung, spleen, testis, heart, keratinocytes, heart, liver, endothelia, cochlea, sweat glands, and osmosensory cells in the brain (see [22] for review). TRPV4 expression in some regions of the central nervous system Fig. 1 TRPV4 structural diagram, channel activity and expression in DRG. a TRPV4 structural diagram. TM segments and ankyrin repeats are shown as teal barrels and blue barrels, respectively. The mutation sites for FDAB are shown as orange circles. The mutation sites for the spectrum of skeletal dysplasias are shown as red circles. The mutation sites for peripheral neuropathies are shown as purple circles [28] . b Current traces activated by 4α-PDD recorded from WT (top panel), TRPV4 KO (middle panel) hippocampal neurons. The current-voltage relationship in both WT and KO neurons is provided in the bottom panel [41] . c Representative current trace activated by hypotonicity with Ca 2+ [33] . d TRPV4 is expressed in adult mouse DRG neurons. TRPV4 proteins enrich in soma and nerve fibers. Scale bar, 25 μm [95] (CNS) remains controversial. One study by Shibasaki et al. [41] showed TPRV4 was strongly expressed in adult mouse hippocampal neurons using in situ hybridization and functional analysis including the intracellular Ca 2+ response to hypotonic stress and patch clamp recording of the current activated by 4-αPDD, which is a specific TRPV4 agonist. On the other hand, in a different study, TRPV4 staining was observed in rat astrocytes and the choroid plexus near the hippocampus using immunostaining [42] . These conflicting findings may result from the antibody quality and/or potential unknown mechanisms regulating TRPV4 expression. This interesting discrepancy needs to be clarified in future studies.
Mutations of TRPV4 have been implicated in several diseases in humans including both the skeleton and nervous systems, which is a testament of important functions of TRPV4 channels. Familial digital arthropathy-brachydactyly (FDAB) is a dominantly inherited condition associated with TRPV4 mutations within its N terminus. The patients suffering from FDAB have aggressive osteoarthropathy of the fingers and toes and consequent shortening of the middle and distal phalanges [28] . Lamande and colleagues [28] identified three TRPV4 mutations (G270V, R271P and F273L) that are associated with FDAB using genome-wide microsatellite linkage scan [28] . All three TRPV4 mutants had a poor cell surface expression due to impaired transport from the ER to the Golgi. Function analysis using calcium imaging indicated that all three mutants had a defect either in response to a TRPV4 agonist or hypotonic stress. Together, the reduced cell surface expression and impaired function caused by the three mutations in the N-terminal ankyrin-repeat-containing domain of TRPV4 are most likely the pathogenic mechanism underlying FDAB. In addition, TRPV4 mutations are involved in Charcot-Marie-Tooth disease 2C (CMT2C), which is an autosomal dominant neuropathy characterized by limb, diaphragm, and laryngeal muscle weakness. The CMT2C associated with TRPV4 mutants (R269C and R269H) resulted in significant cellular toxicity and increased cell death. Channel function analysis revealed a gain-of-function for these mutants. Both basal and activated channel activities were significantly increased. However, there was no change in membrane location for these mutants when expressed in Xenopus oocytes [43, 44] . Similar to CMT2C, the TRPV4 mutant (R316C) causing scapuloperoneal spinal muscular atrophy (SPSMA) did not change the channel expression level in the plasma membrane. Notably, this mutation also increased channel activities, thereby altering intracellular calcium homeostasis and leading to peripheral neuropathies [43, 45, 46] . Besides the diseases associated with TRPV4 mutations described above, more than 50 mutations in TRPV4 gene have been identified, which are involved not only in skeletal dysplasias including FDAB but also in motor and sensory neuropathies including CMT2C and SPSMA.
Important functions of TRPV4 channels have also been demonstrated with clear phenotypes of TRPV4 knockout (KO) mice. TRPV4 KO mice display a variety of abnormal behaviors and characteristics. For instance, less fluid intake, lower plasma levels of antidiuretic hormone, impairment of osmotic sensation [27] , and reduced sensation of tail to pressure and acidic nociception [37] were observed in TRPV4 KO mice. In addition, other phenotypic changes such as defects in the alveolar barrier, abnormal secretion of renal tubular K + , and defect in response to arterial shear were also found in TRPV4 KO mice [47] . Interestingly, a recent study by O'Conor et al. [48] showed that mice with a deleted TRPV4 gene have more severe osteoarthritis when fed with a high-fat diet. In conclusion, human diseases associated with TRPV4 mutations and phenotypes observed in TRPV4 KO mice indicate that TRPV4 plays very important roles under both physiological and pathological conditions. These findings will contribute to the development of new therapeutic strategies using TRPV4 as a target.
Kv1.1 Channel Can Sense Mechanical Stimuli
The potassium channel superfamily contains three major groups based on the secondary structure of channel subunits. Kv channels belong to the first group of the superfamily. Each pore-forming subunit in this group contains six or seven TM segments and a pore-forming loop between the fifth and sixth TM segments (Fig. 2a) . A functional Kv channel complex contains four subunits, which could be homotetramer or heterotetramer. The four best-known subfamilies of Kv channels based on their homology to those in fruit fly Drosophila, are Kv1 (Shaker; KCNA), Kv2 (Shab; KCNB), Kv3 (Shaw; KCNC), and Kv4 (Shal; KCND) (see [49] for review). In vertebrates, there are about 40 Kv channels that are divided into 12 subfamilies, from Kv1 to Kv12. Kv channels are broadly expressed in the nervous system and other tissues [50] [51] [52] [53] (Fig. 2c) .
Kv1 channels are conventionally considered as channels mainly activated by depolarizing changes in membrane potential. However, the emerging evidence has shown that some Kv channels are also sensitive to mechanical stimuli. It was previously shown that membrane stretch accelerates activation and slows inactivation in Shaker channels with S3-S4 linker deletions [54] . Shaker channel's sensitivity to tension was proposed to be caused by the following possibilities. The first is that Shaker channels are sufficiently distensible that stretch produced a novel channel state. The second is that Shaker channels expand in the plane of the membrane during voltage gating [54] . Later, it was found that the membrane tension accelerates rate-limiting voltage-dependent activation and slows the inactivation step [55] . These studies provided some clues to support that the conventional Kv1 channel could be a mechanically activated channel. Recently, Hao et al. [8] identified a mechanosensitive K + current (I Kmech ) in mouse DRG neurons, which is carried by Kv1.1-Kv1.2 heteromers (Fig. 2b) . The I Kmech with reversal potential (E rev ) around at 0 mV and using CsCl-based internal solution is a non-selective cationic current. The I Kmech is activated gradually by increasing mechanical stimuli. To identify I Kmech , they used pharmacological inhibitors, reconstitution of Kv1 channels in HEK293 cells, and Kv1.1 knockout mice. Their studies showed that the I Kmech was not mediated by K 2P -, KCNQ-, EAG-, or Ca 2+ -dependent K + channels which are the known candidates of mechanosensitive channels. Taken together, this recently published paper has revealed an unexpected function of the Kv1.1 subunits acting as a mechanosensitive brake and offered physiological relevance to the mechanosusceptibility of Kv1.1 channels.
Since Kv1 channels regulate neuronal excitability by controlling the initiation and shaping of action potentials, disruption of the expression and/or function of Kv1 channels can lead to severe diseases. For instance, the mutations in KCNA1 and KCNA2 (the genes encoding Kv1.1 and Kv1.2) are associated with neurological diseases including epilepsy and ataxia with distinct phenotypes both in humans and rodents. Kv1.1 KO mice exhibit a limbic seizure phenotype which is characterized by facial twitching, immobility, head nodding, and unilateral and bilateral forelimb clonus with symptoms appearing 2-3 weeks after birth. In contrast, Kv1.2 KO mice develop a more severe brainstem seizure phenotype around 15 days after birth. The difference in function, developmental expression, subcellular location and compensation from the remaining channels may be the underlying mechanisms responsible for distinct seizure phenotypes (see [56] for review). The study by Simeone et al. [57] showed loss of Kv1.1 leads to enhanced synaptic release in the hippocampal CA3 region, thereby reducing spike timing precision of neurons, which provides further insight into the mechanism underling temporal lobe epilepsy. Interestingly, the work by Zenker et al. implicated that lower expression level of juxtaparanodal Kv1.2 and reduced nerve conduction velocity mediate peripheral nerve hyperexcitability in type 2 diabetes mellitus (T2DM) [58] . In addition, the study by van der Wijst and colleagues described another phenotype associated with a mutation in Kv1.1 (N255D) which results in autosomal dominant hypomagnesemia [59, 60] . Kv1.1 colocalizes with epithelial Mg 2+ channel TRPM6, a member of TRP family, in distal convoluted tubule (DCT) and regulates Mg 2+ influx by setting the membrane potential. Therefore, the Kv1.1 N255D mutation, which results in non-functional channels, loses the ability to regulate Mg 2+ , thereby causing autosomal dominant hypomagnesemia. The patients with this disease have Fig. 2 Kv1 and piezo channels: schematic structures, mechanically activated currents and immunohistochemistry. a Kv1 α subunit structural diagram [49] . b Currents induced by mechanical stimuli using CsCl pipette solution at the indicated holding potentials (20 mV increments) [8] . c Double staining of Kv1.2 (green) and Nav channel (red) in myelinated axons in rat spinal cord [96] . d Schematic structure of Piezo1 with 30 transmembrane domains [97] . e Mechanosensitive currents recorded from N2A cells (upper) and HEK293T cell expressing Piezo1 (bottom), respectively [61] . f In situ hybridization images for Piezo2 in DRG neurons using antisense (left) and sense probes (right) [61] phenotypic tetany, cardiac arrhythmias, and seizures due to the lower level of intracellular Mg 2+ . Together, these findings have shown that Kv1 channels underlie multiple human neurological diseases.
Depolarization induced Kv1 channel activation is characterized by typical delayed rectifying currents, which are known to play important roles in setting membrane potentials and shaping action potentials. As discussed above, these channels are also activated by mechanical force. The currents induced by mechanical forces are inhibited by Gd 3+ , which is a nonspecific mechanosensitive ion channel blocker. These findings raise some intriguing questions. Is there any relationship between the voltage-and mechanical-sensing of Kv1 channels? Is disrupted mechanosensitivity of Kv1 channels also involved in the diseases we discussed above? The recent work suggests that the mechanical forces facilitate voltage-dependent activation of Kv1.1 channels [8] , which provide a clue for answering these questions. However, more studies need to be done to elucidate the communication between voltage-and mechanical sensitivity, and their distinct roles in diseases in humans.
Piezo Proteins Are Pore-Forming Subunits of Mechanosensitive Ion Channels
The Piezo proteins were first identified as potential mechanosensitive ion channels in the cell line Neuro2A (N2A, a glial tumor cell line) by Patapoutian and colleagues using a combination of patch clamp, whole cell stimulation/ recording and molecular biology [61, 62] . The currents induced by mechanical indentation in the N2A cell line are characterized by relatively high amplitude currents (200 pA at −80 mV) with E rev around 0 mV, which means the current induced by mechanical stimuli is a non-selective cationic current (see [16] for review). To identify the genes encoding for these potential mechanosensitive ion channels, the investigators systematically knocked down the transcript of individual TM proteins with short interfering RNAs in N2A cell lines. Finally, they identified a protein named Piezo1, which initially was termed as Fam38A. They also found another homologous gene encoding for Piezo2 protein from DRG neurons subsequently. The currents mediated by Piezo2 were similar to Piezo1 with different kinetics and conductance.
Piezo proteins have 2,100-4,700 amino acids, which contain approximately 24-39 TM segments showing no homology to other already known voltage sensitive channels (Fig. 2d,e) ([16, 26, 62 ] for reviews). Piezo1 is a membrane protein and it is highly expressed in the lung, bladder and skin. Piezo2 displays a similar tissue expression pattern as Piezo1, but has a higher expression level in DRG neurons (Fig. 2f) [61]. As we described above, currents mediated by Piezo proteins are non-selective cationic currents, and their structures do not resemble any of the known voltage-sensing ion channels. These findings raised an interesting question. Are Piezos pore-forming subunits of mechanically activated channels? To address this question, Coste et al. reconstituted purified mouse Piezo1 (MmPiezo1) into lipid bilayers in two different configurations: droplet interface lipid bilayer and proteoliposomes. In both settings, a brief and discrete channel opening that was sensitive to ruthenium red (RR), a general blocker of TRP channels, was recorded. In addition, the reconstituted MmPiezo 1 constitutively remained active in lipid bilayer configuration and had the ability to conduct sodium ions [10] . When overexpressed in HEK293 cells, Drosophila melanogaster DmPiezo or MmPiezo formed mechanically activated channels with distinct biophysical and pore-related properties. For instance, MmPiezo is sensitive to RR but not DmPiezo (Fig. 2e) . This study validated MmPiezo1 protein as a real ion channel that conducts both K + and Na + . As of pore-forming channel subunits, the currents mediated by both Piezo1 and Piezo2 can be pharmacologically inhibited by mechanosensitive channel blockers RR and Gd
3+
. The spider toxin GsMTx4 selectively inhibits Piezo1 current [16] . Both Piezo currents inactivate in a voltagedependent manner.
Hereditary xerocytosis (HX, MIM 194380), also known as dehydrated hereditary stomatocytosis (DHSt), is an autosomal dominant hemolytic anemia associated with Piezo1 mutations. The patients affected by HX have primary erythrocyte dehydration with mild to severe compensated hemolytic anemia due to leak of monovalent cation contents (decreased intraerythrocytic K + and increased intraerythrocytic Na + ). Usually, the patients also have moderate splenomegaly and increased mean corpuscular hemoglobin concentration. The location on chromosome 16 (16q23-q24) associated with this inherited disease was first found in an Irish family, and was further confirmed in other patients from different countries using high resolution single nucleotide polymorphism typing and whole-exome sequencing [63] . The mutation sites within exons encoding the Piezo1 protein expressed in human erythrocytes were first reported by Zarychanski et al. [63] , using copy number analyses, linkage study, and exome sequencing. The mutations at amino acids from 2225 to 2456 are the molecular mechanism underlying HX. These mutations may impair Piezo1 proteins interacting with other proteins and/or trafficking to the erythrocyte membrane, so that the mutant Piezo1 fails to maintain erythrocyte volume homeostasis. This novel finding provides some clues to search for the genetic cause of other phenotypes associated with Piezo proteins [63] . Another study by Adolfo and colleagues [64] suggests that R2456H and R2488Q mutations in Piezo1 are the genetic cause of autosomal dominant DHSt, also known as HX. In this recent study, the channel function of these two mutations of Piezo1 (R2456H and R2488Q) were tested both in Xenopus oocytes and human erythrocytes. The R2456H mutation expressed in the oocytes resulted in elevated single channel conductance, while the R2488Q mutation caused increased currents elicited by hydrostatic pressure. This functional analysis revealed the causative relationship between the altered mechanotransduction of Piezo1 mutations and the imbalance of intracellular ion contents in red blood cells of DHSt (or HX). Subsequently, the Patapoutian group demonstrated that two distinct Piezo2 mutations, E2727del and I802F, cause Distal Arthrogryposis Type 5 (DA5) [65] . Patients with DA5 have multiple distal contractures, ophthalmoplegia with ptosis, characteristic facies, and a lung disorder with pulmonary hypertension. Patch clamp recording reveals that both these two mutations have faster recovery from inactivation. In addition, E2727del shows a slowed inactivation. In conclusion, the enhanced function of mutated Piezo2 with faster recovery from inactivation underlies the mechanism of DA5 [65] .
The roles of Piezo proteins were also tested in D. melanogaster (DmPiezo) KO larvae. DmPiezo knockout flies were created by deletion of all 31 coding exons using genomic recombination. The KO flies did not display disorders in coordination and bristle mechanoreceptor potential, and the flies were viable and fertile. Behavioral testing indicated the responses to noxious mechanical stimuli were significantly impaired in KO larvae. However, other sensations such as light touch remained unchanged [66] . Unfortunately, Piezo2 KO mice are not available so far, because Piezo2 constitutive KO mice died at birth. Development of conditional KO mice may be suitable for studying the role of Piezo2 in vivo [67] . Taken together, these recent findings shed light on the relationship between Piezo channel function and human disease, but more studies are needed to better understand the roles of this channel in future investigation.
Future Perspectives
Recent studies reveal a variety of ion channels that are able to convert mechanical forces to electrical signaling. They include some TRP channels, some voltage-gated Na + , K + and Ca 2+ channels, and Piezo channels ( Table 1 ). The diversity of these mechanosensitive ion channels raises some interesting questions. For instance, what are the channel parts that detect mechanical stimuli and are these channel parts conserved? Since many ion channels are linked to intracellular cytoskeletons via adaptor proteins and/or linked to the extracellular matrix via extracellular domains and sugar chains [52, [68] [69] [70] , should their channel activities generally be influenced by mechanical forces? Does the potential polarized targeting of mechanosensitive channels also affect neuronal electrical signal computations like Kv channels [71] ? Existing evidence does suggest that cell membrane compression, expansion, bending and tension caused by mechanical forces applied to cell membrane intracellularly and/or extracellularly can lead to changes in the structural configuration of these ion channels, thereby modulating their opening and membrane conductance ( [2] for review). This could be a common mechanism underlying mechanosensation. In terms of channel structure, TRPV4 has six TM segments with a pore forming loop between the fifth and sixth TM segments. Similarly, Kv1.1 channels also contain six TM segments and a pore-forming loop between the last two TM segments. However, the two may use completely different mechanisms in response to mechanical forces. Moreover, Piezo proteins contain approximately 24-39 TM segments and show no homology to TRPV4 and Kv1.1 channels. Thus, because of little homology in primary sequences, mechanosensitive ion channels likely differ in their mechanosensation and intracellular signal transduction. The structure and function analysis will remain an exciting topic for better understanding of mechanosensitive ion channels. Mechanosensitive ion channels play important roles in cellular functions, such as gene expression, cell division, migration, cell adhesion, and fluid homeostasis (see [2] for review). Extensive studies have been focused on their functions in kidney, cochlear hair cells, and classical sensory neurons such as DRG. Despite broad expression in the brain, a complex mechanosensitive organ, functions of mechanosensitive ion channels in the CNS remain poorly understood. Various neurological diseases in humans are associated with mutations in mechanosensitive ion channels. For instance, TRPV4 mutations are associated with FDAB [28] , CMT2C [43, 44] , SPSMA [45, 46] . These mutations impair the TRPV4 channel function and/or cell membrane location. Kv1.1 mutations cause various phenotypic seizures [56] , T2DM [58] and autosomal dominant hypomagnesemia [59, 60] . Function analysis reveals these Kv1.1 mutants have defects in channel properties and/or subcellular mislocation. Piezo mutations are involved in HX [63] and DA5 [65] . Although it is clear that mutations in mechanosensitive channels can cause diseases in humans, whether mechanosensation plays a major role is often unclear. This is because mechanosensitive channels can also be regulated by many other factors. Therefore, besides the regulation of mechanosensitive channel activity and localization, the exact role of mechanosensation in a variety of physiological and pathological processes is an exciting research direction in the future. The research not only helps us to better understand pathogenic mechanisms in a number of diseases with symptoms beyond touch and hearing, but also reveals the role of gravity and tissue pressure in the development and functioning of our nervous system.
